Acoustic emission is defined as the ultrasonic wave phenomenon due to rapid release of strain energy in the solid materials. This paper aims at the extension of acoustic emission method for certain and effective analysis that can adapt to material research field. The rise time of two kinds of martensitic transformation in Cu-Al-Ni shape memory alloy, the 1 to 1 0 and the 1 to 1 0 phase transformation, were observed by acoustic emission monitoring and the analysis based on the simulation of acoustic emission wave utilizing finite element method. In the simulation on finite element method, we considered the acoustic emission wave with the effect of inclined source such as the martensitic habit plane, source location in thickness direction of the specimen and rise time of acoustic emission source as the dynamic behavior. We found that the particular frequency range of zeroth-order mode Lamb wave has the differences only due to rise time of acoustic emission source. Finally we analyzed the rise time of two kinds of martensitic transformation with reviewing the results of simulation. As the result, the 1 to 1 0 phase transformation showed the longer rise time than the 1 to 1 0 phase transformation in the nucleation step. It is thought that there is the difference between 18R and 2H periodic stacking order structure of martensite.
Introduction
The acoustic emission (AE) is defined as the elastic wave phenomenon due to rapid release of strain energy during the fracture, crack generation or growth, deformation and martensitic transformation in some kinds of structures or materials. Moreover, it was reported that the gas leakage from pipe also shows unique AE behavior.
1) The AE can be obtained as the ultrasonic wave about over 20 kHz. By the selection and collection of AE parameters, the generated event counts, maximum amplitude value, root means square value, frequency response and the source location with arrival time differences of the AE propagation, we can analyze the specific phenomenon that worked as the AE source. It is defined as the ''AE method or technique'' in the part of non-destructive inspection that is utilized as the online health monitoring for large pressure vessel in practical use.
2)
The AE method also helped for the discussions on the material research field. It was used for the monitoring of crack propagation, 3) failure mode in composite, 4, 5) reinforced concrete under bending, 6) etc. In addition, it was applied for the investigation of the volume of martensite due to cooling process of spot welded steel, 7, 8) the martensitic transformation in Ni-Mn-Ga magnetic shape memory alloy during deformation.
9) The AE signal was detected well during generation or growth of the martensitic transformation. However, still AE method did not have enough performance for quantitative analysis of own dynamic behavior of AE source. Therefore, the establishment of the analysis method that can be effective for dynamic behavior analysis of material is needed strongly as the purpose on this research study. In this report, the Cu-Al-Ni shape memory alloy single crystal was chosen for the research of the dynamic behavior investigation using AE analysis. During the tensile deformation of Cu-Al-Ni shape memory alloy single crystal, the martensites are generated and grown for the stress relaxation and generate the AE wave at the same time. It was already known from our past research that the martensitic nucleation and transformation in Cu-Al-Ni shape memory alloy single crystal shows active AE signals. 10, 11) The AE source is the rapid release of strain energy as has been mentioned. Therefore the AE source is expressed in function of time, from start to finish of phenomenon for the energy releasing. For the dynamic behavior evaluation of AE source, the process time of phenomenon is required to observation. We defined the AE source rise time, the process time of AE source phenomenon, as one of parameter that reflects such as characteristic. The AE wave due to some AE source propagates in elastic medium. In order to know the AE source rise time from detected AE wave, we have to solve the inverse problem. The AE phenomenon is the elastic wave propagation in solid material in nature. Therefore, it is thought that the finite element method (FEM) can be applied to the AE wave simulation. Using the general-purposed software for FEM, it can be possible to conduct the AE wave simulation easily with the proper meshing of AE medium and modeling of AE source condition. Therefore, the AE wave simulation by FEM was planed to utilize for calibration and definition of the AE parameter. The rise time of two kinds of martensitic transformation in Cu-Al-Ni shape memory alloy, the 1 to 1 0 and the 1 to 1 0 phase transformation, were estimated by AE monitoring and analyzing based on AE wave simulation utilizing FEM. Firstly, the mode of AE wave propagation was examined by FEM simulation. Secondly, the effect of AE wave on inclined AE source such as the martensitic habit plane and changes of AE source location in thickness direction were confirmed. And thirdly, the effect of AE wave on AE source rise time was estimated. Reviewing all of the results from AE simulations, we found that the particular time and frequency range of AE wave changed only due to AE source rise time. Finally we analyzed the rise time of two kinds of martensitic transformation. Based on the results of AE simulation, the AE waves due to actual two types of martensitic transformation were reviewed and the difference of the dynamic behavior was discussed.
Martensitic Transformation in Cu-Al-Ni Shape
Memory Alloy
The special function of shape memory alloy, the shape memory effect, depends on the martensitic transformation that can generate reversibly. When the shape memory alloy is deformed below the A f temperature, the deformed part generates the phase transformation that is called as the thermo-elastic martensitic transformation. And deformation strain remains when the shape memory alloy is unloaded. However, the deformation strain can remove and the shape can be recovered by heating process up to over the A f temperature to generate the austenitic transformation. It is called the shape memory effect. On the other hand, when the shape memory alloy is deformed over the A f temperature, the deformed part generates the phase transformation that is called the stress-induced martensitic transformation. In the case of this martensitic transformation, there are not any remains of the deformation strain over the A f temperature. Therefore, the shape can be recovered perfectly after unloading. It is called the super-elastic effect.
Two kinds of martensitic transformation in this study are the 1 to 1 0 and 1 to 1 0 phase transformation, respectively, as the phase transformation in Cu-Al-Ni shape memory alloy. The 1 matrix phase forms the DO 3 structure of Fe 3 Al type as shown in Fig. 1 with (a) 3-dimensional structure, (b) atomic arrangement at (110) plane and (c) upper or lower layer of (110) plane.
12) The DO 3 structure is understood as the alternation layer of Figs. 1(b) and (c). It is thought that the martensitic transformation occurs on the (110) plane and along the h110i direction. The crystal structure of martensitic phase were shown as the regular accumulation of six kinds of plane as shown in Fig. 2(a) ; A, B, C, A 0 , B 0 and C 0 . Furthermore, the 1 to 1 0 and 1 to 1 0 phase transformation has different structure when they undergo the martensitic transformation. The periodic stacking order structures are formed with the six kinds of martensitic plane generated in the (110) plane. The 1 0 phase forms 18R structure and the 1 0 phase forms 2H structure. The 2H structure is simpler than the 18R structure as shown in Fig. 2(b) . Many kinds of martensitic transformation produce the lattice invariant deformation with twin. This combination of twin is called the martensitic variant. We can assume that the slip plane is replaced with the habit plane in the case of the shear deformation as shown in Fig. 3. 
13)
3. Methodology
Preparation of specimen
The specimen prepared for this study is the shape memory alloy single crystal with material composition of Cu-14.1 mass%Al-4.1 mass%Ni. These materials were melted and casted in a high-frequency induction furnace (Nissin technology, NEV-D3-0016) under argon atmosphere. And a single crystal of the Cu-Al-Ni alloy was grown to (001)[100] with the surface direction and the tensile direction, respectively, by the Bridgman method at a pulling rate of 32.0 mm/h. In order to keep the 1 matrix phase in room temperature and generate martensitic phase by tensile deformation, it was quenched after solution treatment at 1273 K for 1 h. In this process, two quenching conditions were chosen in order to prepare two kinds of specimen. One sample was quenched into water at room temperature and the other was quenched into water at 373 K. The differences of quenching rate can be adjusted to the different M s and A f temperature.
14) The M s and A f temperature was about 250 and 280 K, respectively, in the case of specimen quenched into water at room temperature. In the case of specimen quenched into water at 373 K, the M s temperature was higher than room temperature. Two kinds of specimens were formed to a shape for tensile test using the electric discharge machine (Brother, HS-300) and polished. Figure 4 (a) shows the shape of specimen used. The two circles show the position of AE sensors (sensor diameter d ¼ 4:50 mm). The range about 8 mm from the top and bottom of specimen were prepared as the gripping part for the tensile testing machine. Therefore, about 4.75 mm distance between the edge of AE sensor and grip of tensile testing machine was secured. After polishing, the thickness of specimens was 1.25 mm. Therefore it is thought that the AE wave propagated in these specimens will have the characteristics of Lamb wave, one of the kinds of the guided wave with velocity dispersion. 15) These specimens showed the stress relaxation with appearance of martensitic habit plane at center of front surface. The martensitic habit planes were inclined by 15 and 45 from the horizon in the case of the specimen quenched into water at room temperature and quenched into water at 373 K, respectively, as shown in Fig. 4(b) . Each martensitic habit planes were confirmed as the 1 0 phase and the 1 0 phase by the surface trace analysis. From the preexperiment of tensile test using the specimen that has smoothed shape of gauge length, the 1 matrix phase shows the Young's modulus of 24.2 GPa. In the case of Cu-14.0 mass%Al-4.2 mass%Ni shape memory single crystal, it seems to be almost same Young's modulus. 16) Using the Poisson's ratio and the density of copper, 0.343 and 8.96 g/cm 3 , 17, 18) respectively with observed Young's modulus, the longitudinal and transverse wave velocity was estimated as 2050 and 1000 m/s, respectively. It is not the value observed experimentally, however it was thought that there is not serious error because the copper accounts over 80% material composition.
AE wave simulation utilizing finite element method
The commercial FEM software ''ANSYS/LS-DYNA'' with dynamic explicit scheme was utilized to simulate the AE wave generation and propagation. The FEM model was designed by the arrangement of hexahedral elements with 0.05 to 0.10 mm or 0.104 mm edges as shown in Fig. 4(c) . For example in the case of the elastic wave in solid material as the bulk acoustic wave with velocity of 1000 m/s and frequency of 1 MHz, the wavelength will be 1.00 mm. And also in the case of the elastic wave on surface of material with velocity of 1000 m/s and frequency of 800 kHz, the wavelength will be 1.25 mm. Because the sizes of hexahedral elements prepared in this study take below 1/10 of that wavelengths, it is thought sufficiently small and it can show the simulated bulk acoustic wave and elastic wave on surface over the velocity of 1000 m/s and until the frequency of 800 kHz completely. Figure 5 shows the sketch of AE wave simulation. For decreasing the numerical computation load, the upper half and the 12 mm part from bottom of the model were removed and the non-reflecting nodes were set on the top and bottom surface. Therefore, the simulated AE wave was taken into account until the arrival time of reflected waves considered by actual distance of AE sensor to gripped part of specimen with the theoretical group velocity of Lamb wave. The impulse load with peak of 0.01 N in time function with 0.05 to 2.50 ms rise time was added to one of node as the AE source. First, we set the AE source at center of top surface and changed the direction of the source load from x-direction (width direction) to y-direction (length direction), 0 to 90 , to consider the effect of inclined martensitic habit plane. Next, we shift the location of AE source along z-direction (thickness direction) from center of top surface to investigate the AE wave changes by the source location in thickness direction. The typical AE sensor is relative to the stress velocity. The simulated AE waves were obtained as the sum of the stress velocity along z-direction at the 165 representative nodes on the actual positioning range of AE sensor.
AE monitoring of martensitic transformation dur-
ing tensile deformation The AE waves generated due to two kinds of martensitic transformation during tensile deformation were detected using the AE monitoring setup such as shown in Fig. 6 . Two AE sensors (Fuji ceramics, M5W, sensor diameter d ¼ 4:50 mm) were attached by 20 mm from the specimen center to the top and bottom gripping parts. The AE measurements have been conducted using a 2-channel system to discriminate the gripping noise due to tensile testing machine by consideration of arrival time differences of AE wave between two AE sensors. The threshold level for triggering of AE wave detection was set to 50 dB. Detected AE waves were amplified 40 dB through the pre-amplifier with band pass filter of 100 Hz to 20 MHz (NF, 9913). Finally AE waveform datas were sent to the digital multi recorder (Keyence, GR-7000) in the sampling frequency of 20 MHz. Detected AE waveforms were analyzed in off-line processing by the personal computer.
The tensile test was conducted in room temperature by using the instron type tensile testing machine (Shimadzu, AG-5000B) with 0.02 mm/min cross head velocity and stopped at the point that was added by the elongation of 15% after stress relaxation. The growth appearances of martensitic habit plane were also observed using the optical microscope (Olympus, BHMJ) at the front surface during tensile deformation.
Results of AE Wave Simulation

Lamb wave examination of simulated AE waveform
The specimen used and the FEM model created with thickness of 1.25 mm is thought to belong to thinner plate shape for AE wave medium. The bulk ultrasonic wave with the longer wavelength than plate thickness occurs to be the Lamb wave in finite elastic medium, especially thinner plate. The Lamb wave is formed by the reflection of longitudinal and shear vertical wave at the upper or lower surface of the plate medium, and there are several propagating modes with velocity dispersion under the satisfaction of phase matching condition. 15) Therefore, the Lamb wave can be observed as the vibration of thickness direction on plate surface. Figure 7 shows the theoretical group velocity dispersion curve of the plate medium with thickness of 1.25 mm. it was calculated in the software (Vallen system, AGU-Vallen dispersion) with estimated longitudinal and transverse wave velocity of the specimen used in this study. Several Lamb wave modes and velocity changes by the frequency, the velocity dispersion, can be observed and they were mixed complicatedly each other. For the waveform analysis, it is needed to avoid the range that includes many Lamb wave modes. The maximum velocity is 1750 m/s in S 0 mode Lamb wave at the lowest frequency. From the relationship between maximum velocity and round distance from edge of AE sensor position to gripping part of the specimen used in this study, it was estimated that the earliest reflected wave arrives around 17.5 ms with taking enough margin. Figure 8 shows the simulated AE waveform by FEM. AE source location and rise time were set to center and 0.05 ms, respectively. The loading direction of the source load was fixed to y-direction (90
). Figure 8 also shows the wavelet contour map until 800 kHz and 17.5 ms that was analyzed in the software (Vallen system, AGU-Vallen wavelet, Gabor mother wavelet). The simulated AE waveform was treated by 12.0% cosine taper window before wavelet transformation. The curves in the wavelet contour map are the group velocity dispersion curves of Lamb wave that was shown in Fig. 7 . The main Lamb wave was S 0 and A 1 mode in this range. The large wavelet coefficient of S 0 mode was shown around 13.5 to 15.0 ms, and A 1 mode was relatively weak. The contrasts in the wavelet contour map and the group velocity dispersion curves were accorded especially S 0 mode Lamb waves. Therefore, it was characterized that the simulated AE waveform by FEM shows Lamb wave. It can also make the possibility for understanding of the AE waveform as Lamb wave in the actual specimen. Figure 9 shows the simulated AE waveforms in several direction of the source load as the inclined AE source. AE source location and rise time were set to center and 0.05 ms, respectively. There is the increasing behavior of waveform amplitude. For example, the waveform due to 45 inclined source shows almost 2.8 times differences with the waveform due to 15 inclined source in all of amplitude. The each phase of waveform shows same behavior. Above-mentioned results can be understood easily from the relationship between the loading direction and the obtaining location for AE wave. Figure 10 shows the frequency response of these simulated AE waveforms in Fig. 9 . All spectrums were normalized by each maximum value and they show the identical frequency response without 0 inclined source case. The 0 inclined source was just on x-direction, completely horizontal direction. It is thought that the weak wave radiation occurs in the case of the 0 inclined source. Therefore, we can compare and discuss about the normalized frequency response without the effect of inclined AE source direction such as the martensitic habit plane except until 10 . 
Effect of inclined AE source direction
Effect of AE source location on thickness direction
Next, the simulated AE waveform was considered with the shifting of AE source location from center to surface in thickness direction, along z-direction on the top surface of FEM model. AE source rise time was set to 0.05 ms and the loading direction was fixed to y-direction (90 ). Figures 11  and 12 show the simulated AE waveforms and these wavelet contour maps that the AE source locations were set at z ¼ 0:313 mm (1/4 from surface) and 0.625 mm (surface), respectively. The simulated AE waveforms were treated by 12.0% cosine taper window before conducting wavelet transformation. The curves on the wavelet contour map show group velocity dispersions of the Lamb wave in this time and frequency range. There are also the Lamb waves such as above-mentioned result in Fig. 8 . From the comparison of these wavelet contour maps includes Fig. 8 (z ¼ 0:000 mm), it can know clearly that the increases of z-direction distances increased the appearance of A 1 mode Lamb wave with frequency expansion. These behaviors of Lamb wave can be understood from respectable work by laser excited AE simulation. 19) Therefore to remove the influence due to AE source location in thickness direction, to avoid the A 1 mode Lamb wave, the simulated AE waveform was cut at 15.0 ms and treated by 12.0% cosine taper window, again. And the frequency responses of waveform were observed that were thought as mainly S 0 mode Lamb wave. Figure 13 shows the results. All spectrums were normalized by each maximum value. In the case of all AE source location in z-direction, the frequency spectrums show almost same peak frequency (270 to 290 kHz) and same appearance of frequency response below 290 kHz (100 to 290 kHz). The gradient values of liner approximation of the frequency response of z ¼ 0:625 mm to 0.000 mm were 5:37 Â 10 À3 to 5:46 Â 10 À3 in frequency range of 100 to 290 kHz, respectively. However, the frequency range beyond 290 kHz (290 to 800 kHz) has the relative changes by the AE source location in z-direction. It is thought that there is the effect of the beginning of A 1 mode Lamb wave. 4.4 Frequency response of S 0 mode lamb wave with AE source rise time changes Summarizing two results above mentioned about the frequency response, the large effect of AE source direction and location in thickness direction did not appear in range of 100 to 290 kHz. With taking these results, it was conducted the AE wave simulation with AE source rise time changes from 0.05 to 2.50 ms. The AE source location and loading direction were fixed to center and y-direction (90 ), respectively. Figure 14 shows the frequency response of simulated S 0 mode Lamb wave. All spectrums were normalized by each maximum value. The maximum frequency was shifted from 290 to 200 kHz by increases of AE source rise time. This tendency of the result agrees with past respectable study, the high frequency decreased with increases of AE source rise time. 20, 21) To decide the AE source rise time from S 0 mode Lamb wave observation, we calculate the gradient value of liner approximation in the range of 100 to 290 kHz as the criterion. And the AE source rise time was plotted with changing of gradient value as shown in Fig. 15 . It can be known that the increases of AE source rise time shows decreases of gradient value. This relationship was fitted to the third degree polynomial as follows.
where t r : rise time of AE source G : gradient value ð1Þ
Using eq. (1) for the polynomial interpolation, the AE source rise time can be decided from the gradient value of frequency response in 100 to 290 kHz range. 0 phase transformation, the martensitic habit plane was observed as the linear shape on the surface of the specimen at around stress relaxation point. The martensitic habit planes grew to the specimen width direction and expanded to the tensile direction as the elongation progresses after stress relaxation. It was confirmed that the martensitic nucleation shifted to the martensitic growth around the stress relaxation point. There are also the small minor habit plane appeared in reversed direction on right side center of optical microscope photograph. On the other hand, in the case of the 1 to 1 0 phase transformation, the martensiteic habit plane generates at the center of the specimen and extends instantaneously at just stress relaxation point. It was also confirmed that the martensitic nucleation shifted to the martensitic growth at the stress relaxation point. And in this case, there are no habit planes in reversed direction on the surface of the specimen.
Acoustic emission due to martensitic transformation
The AE waveforms due to the 1 to 1 0 and the 1 to 1 0 phase transformation in Cu-Al-Ni shape memory alloy single crystals during tensile deformation were observed. As the first, the matching of the simulated AE waveform and the represent AE waveform detected due to martensitic transformation was confirmed in the frequency domain. Before analysis, all of AE waveforms detected from martensitic transformation were proofed by the frequency response of AE sensor used (Fuji ceramics M5W). Figures 17(a) and (b) show the S 0 Lamb wave of AE waveform in frequency domain detected from the 1 to 1 0 martensitic transformation at the elongation of 0.199 mm and 0.561 mm, respectively. The AE source rise times decided by eq. (1) were 0.54 and 0.92 ms, respectively. There is also simulated AE waveform by FEM with 0.50 and 0.90 ms source rise time, respectively for comparison. The simulated AE waveform and actual AE waveform were almost corresponding in the range of 100 to 290 kHz. It is conformed that simulated AE waveform by FEM has the reasonability. The differences in high frequency range are thought as the AE source location error. 0 and the 1 to 1 0 phase transformation generated 352 and 127 total AE event counts, respectively. The average rise time of the 1 to 1 0 and the 1 to 1 0 phase transformation was 1.23 ms and 1.18 ms, respectively. Paying attention to mainly the rise time due to martensitic nucleation until the stress relaxation, the 1 to 1 0 phase transformation generated 18 AE events that show the rise time beyond 2.00 ms. However in the case of the 1 to 1 0 phase transformation, there is only 1 AE event that shows the source rise time beyond 2.00 ms. Therefore, we can estimate the nucleation of 1 to 1 0 phase transformation has no longer rise time than the nucleation of 1 to 1 0 phase transformation. The average rise time of the 1 to 1 0 and the 1 to 1 0 phase transformation was 1.33 ms and 1.18 ms, respectively in nucleation step.
These two kinds martensittic phase have the same 1 matrix phase of the DO 3 crystal structure. However, the periodic stacking order structure of martensitic plane is different. The 1 0 phase has 18R structure and the 1 0 phase has 2H structure. And the 2H structure is simpler than the 18R structure.
12) Therefore, it is thought that the nucleation of 1 to 1 0 phase transformation appears longer rise time. Next attention is the rise time after the stress relaxation. The average rise time of the 1 to 1 0 and the 1 to 1 0 phase transformation were 1.14 ms and 1.18 ms, respectively. In this range, the amount of martensitic growth is considered as one of the AE sources. From the result of rise time, it is estimated that the simpler structure, 2H structure of 1 0 phase, grows in similar dynamics behavior with the 1 to 1 0 structure. Therefore, it is thought that the rise time did not correlate in two kinds of martensitic growing step.
Conclusion
The rise time of two kinds of martensitic transformation in Cu-Al-Ni shape memory alloy, the 1 to 1 0 and the 1 to 1 0 phase transformation, were observed by AE monitoring and analyzing based on AE wave simulation utilizing FEM. In the FEM simulation, the AE waveform was investigated with the effect of inclined AE source such as the martensitic habit plane, AE source location in thickness direction and AE source rise time. It was found that the particular frequency range of S 0 mode Lamb wave has the differences only due to AE source rise time. Finally, the rise time of two kinds of martensitic transformation were analyzed with reviewing the results of AE waveform simulation. The possibility of the AE waveform analysis for AE source dynamic behavior was shown with following conclusions.
(1) The inclined AE source direction such as martensitic habit plane shows changing of simulated AE waveform amplitude by that angle. However, there is no difference of the frequency response expect until 10 inclination from width direction of the specimen.
(2) The shifts of AE source location in thickness direction show the different behavior of simulated A 1 mode Lamb wave. However, similar frequency response of simulated S 0 mode Lamb wave was shown especially below the maximum frequency.
(3) The increases of AE source rise time decreased maximum frequency of simulated S 0 mode Lamb wave.
The relationship between AE source rise time and gradient value of particular frequency range was shown by the third degree polynomial.
(4) Two kinds martensitic transformation as the AE source were analyzed about the rise time. In the nucleation step, the 1 to 1 0 phase transformation showed the longer rise time than the 1 to 1 0 phase transformation. It is thought that there is the difference between 18R and 2H periodic stacking order structure. However in the case of the growth step, the 1 to 1 0 phase transformation and the 1 to 1 0 phase transformation show similar rise time. It was estimated that two kinds of martensitic phase grew in similar dynamics behavior.
